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We report a novel method for fullerene formation during diamond synthesis via a hot filament,
chemical vapor deposition~CVD! procedure. The fullerenes occur in the soot that forms as a
by-product on the edges and rear surface of the substrate holder, where the temperature does not
favor diamond deposition. Mass spectrometry of the soot shows a peak having a mass to charge ratio
corresponding to C60. From typical concentrations of gaseous species in the diamond-growing CVD
chamber, we conclude that hydrocarbon species such as CH3 or C2H2 may be the precursors for the
fullerene in the CVD chamber. The atomic hydrogen in the gaseous species is believed to play an
important role in removing the hydrogen from hydrocarbon to form the all-carbon fullerene. Our
observations also suggest that fullerenes produced in the CVD diamond growth chamber play a role
in diamond nucleation on foreign substrates. ©1995 American Institute of Physics.
In 1985, Krotoet al.1 produced microscopic quantities of
fullerenes~most notably C60 and C70! in a supersonic mo-
lecular beam. Subsequently Kratschmeret al.2 developed a
method of producing macroscopic quantities of fullerenes
using a carbon-arc apparatus. While these developments led
to intense research into the physical and chemical properties
of this unique class of carbon molecules, the precise nature
of their formation3 remains controversial. Here we report a
new method of forming fullerenes using hot-filament chemi-
cal vapor deposition~CVD!, which is a standard method for
diamond thin-film growth.
The experiments were performed in a conventional hot-
filament CVD chamber4 using a straight 0.75-mm diameter
tungsten filament approximately 8 cm in length. The current
was maintained between 50 and 55 Å, and the filament tem-
perature was estimated to be'2200 °C. The feed gases were
99.8% pure CH4 mixed with 99.999% pure H2. The chamber
pressure was kept between 30 and 35 Torr. Flow rates were
controlled at 0.4 sccm for CH4 and at 99.6 sccm for H2. A
stainless-steel substrate holder was used, and a scratched Si
wafer served as the substrate. Substrate temperatures, as
monitored by both thermocouple and pyrometer, were kept
between 850 and 900 °C to optimize diamond deposition.
Runs lasted between 5 and 24 h. After each diamond depo-
sition, the soot was collected from the substrate holder. Typi-
cally 10–75 mg of soot was collected after each run.
Samples of the collected soot~about 100 mg! were ana-
lyzed by mass spectrometry using the procedure described
by Daly et al.5 The signal at a mass-to-charge ratio of 720 in
Fig. 1 indicates the presence of C60. Another set of samples
was collected under similar conditions to those described
above and laser-desorption time-of-flight mass spectrometry
was employed to study the soot. To avoid ambiguous results,
we used low laser power density6 ~105–107 W/cm2! and we
also repeated the measurement with a sample~Antelope coal!
that is known to contain only graphitic material and no
fullerenes. The results are shown in Figs. 2~a! and 2~b!. In
addition, we carried out UV-vis absorption spectroscopy of
soot dissolved in a CCl4 solution. After the solution was
passed through filter paper, the absorption spectrum was
taken with a Perkin–Elmer model No. 552 spectro-
photometer. The result illustrated in Fig. 3 shows strong ab-
sorption bands at 259 and 328 nm, in agreement with the
absorption spectrum of C60 reported by Ajieet al.
7 in the
wavelength range of 255–500 nm. Because of the CCl4 sol-
vent, no signal can be detected below the 255 nm cutoff
wavelength.
In an attempt to increase the yield of fullerene-
containing soot, we modified the growth conditions to
2%–5% CH4 with 95%–98% H2, and kept the substrate
holder at a lower temperature~400–750 °C! by moving the
a!To whom correspondence should be addressed. Electronic mail:
lc@phys.physics.ucf.edu.
b!Current Address: Shanghai Institute of Optics and Fine Mechanics, Aca-
demia Sinica, P.O. Box 800-216, 201800 Shanghai, P. R. China.
FIG. 1. The mass spectrum of soot collected in the hot-filament CVD
diamond-growth chamber.
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substrate holder away from the filament. Pressure and fila-
ment current conditions were unchanged, and the total flow
rate remained at 100 sccm. In this way we were able to
increase the soot production rate sixfold to about 10–20
mg/h. However, under these conditions diamond was not
produced, and mass spectrometry of the soot showed no sign
of fullerenes, although some hydrocarbon clusters were
present. These results could imply that the atomic hydrogen
plays an important role in the formation of fullerene under
this condition. It has been shown8 that the atomic hydrogen
concentration decreases as the initial methane concentration
increases.
The environment in the hot-filament CVD chamber dif-
fers considerably from those during either laser vaporization
or carbon-arc synthesis. Under typical diamond-forming con-
ditions of 30–80 Torr of 0.5% CH4 and 99.5% H2 and a
filament temperature of 2000–2200 °C, the atomic carbon
concentration in the CVD chamber is several orders of mag-
nitude lower than most of the hydrocarbon species that are
present. Both calculations9,10 and experimental measure-
ments11,12 have shown that under such conditions H, C2H2,
CH3, and CH4, in addition to H2, are the predominating
species. It is generally accepted that hydrocarbons like acety-
lene or methyl radicals rather than carbon atoms are the pre-
cursors of diamond growth, and atomic hydrogen plays a
major role in etching graphitic material and in promoting the
diamond growth.
Here we propose that the C60 found in the diamond-
forming CVD chamber may also be from hydrocarbon pre-
cursors. The process could be similar to the fullerene produc-
tion in hydrocarbon flames,13–15 namely, the growth of the
hydrocarbon precursors of the fullerene is mainly through
the addition of acetylene and hydrogen abstraction. Both
atomic hydrogen and acetylene are present in our CVD
chamber. Our current operating parameters are optimized for
diamond growth, so the formation of C60 is clearly a minor
effect. A systematic investigation of the conditions under
which fullerenes can be formed is now in progress.
One implication of our finding relates to the nucleation
of diamond. During CVD diamond growth, Si substrates are
normally scratched with diamond powder before deposition
in order to increase the diamond nucleation density. However
diamond can also be nucleated on an unscratched Si sub-
FIG. 2. Laser-desorption time-of-flight mass spectrum of~a! CVD soot, and
~b! antelope coal.
FIG. 3. Ultraviolet-visible spectrum of soot dissolved in CCl4 solution.
FIG. 4. Several processes using different starting materials to produce dia-
mond and fullerene are shown here. The process reported here is shown by
the solid arrows.
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strate, although at a much lower rate. It has been proposed
that either SiC16 or some form of graphite17 acts as the nucle-
ation site when the Si substrate is not prescratched. It was
recently found that ion-activated fullerene films on Si sub-
strates increase the diamond nucleation rate by 10 orders of
magnitude.18 This, coupled with our observation of
fullerenes in the CVD diamond-forming chamber, could im-
ply that fullerenes or precursors of fullerenes which formed
in the CVD chamber may also play a role in the nucleation
of diamond on unscratched foreign substrates. Recently,
Gruenet al.19,20 have shown that fullerenes can be used as
precursors for CVD diamond thin-film deposition. They pro-
posed that C2, observed in the C60 fragmentation process, is
the principal growth species under the condition of their ex-
periment. It should be noted that our observation of fullerene
formation in the CVD diamond growing chamber reported
here is a totally different process from the diamond growth
using fullerene as a precursor as reported by Gruenet al.19,20
This difference is perhaps best seen in Fig. 4, where different
techniques capable of producing diamond and fullerene, are
shown. In Fig. 4, our process is represented by the solid
arrow, while Gruenet al.’s work is represented by the thin
arrow. The figure clearly indicates a strong correlation be-
tween the formation processes of diamond and fullerene.
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